Age-associated loss of muscle mass and function is a major cause of morbidity and mortality in the elderly adults. Muscular atrophy can also be induced by disuse associated with long-term bed rest or disease. Although miRNAs regulate muscle growth, regeneration, and aging, their potential role in acute muscle atrophy is poorly understood. Furthermore, alterations in circulating miRNA levels have been shown to occur during aging but their potential as noninvasive biomarkers for muscle atrophy remains largely unexplored. Here, we report comprehensive miRNA expression profiles by miRNA-seq analysis in tibialis anterior muscle and serum of a disuse-induced atrophy mouse model, mimicking the acute atrophy following long-term bed rest, as compared to those of young and old mice. Comparative analysis and validation studies have revealed that miR-455-3p was significantly decreased in muscle of both induced-atrophy model and old mice, whereas miR-434-3p was decreased in both serum and muscle of old mice, as compared to young mice. Furthermore, upregulation of miR-455-3p in fully differentiated C2C12 myoblasts induced a hypertrophic phenotype. These results suggest that deregulation of miR-455-3p may play a functional role in muscle atrophy and miR-434-3p could be a candidate serum biomarker of muscle aging.
It is well known that muscle mass and its function gradually decrease with age, a process known as sarcopenia (1) . Several studies revealed that various factors, such as motor neuron death, nutritional imbalance, and inflammation, contribute to sarcopenia (2) (3) (4) . Because loss of muscle mass can cause not only physical disability but also contribute to other age-related diseases, such as cardiovascular diseases and diabetes (5-7), understanding the underlying mechanism of the muscle aging process is important for promoting healthy aging in the elderly adults.
The elderly adults are at increased risk of age-related diseases or injuries and are more likely to be in long-term bed rest. Even though bed rest is essential for recovering from disease or injury, prolonged bed rest can exacerbate loss of muscle mass in elderly individuals already suffering from sarcopenia (8, 9) . The rate of muscle wasting is greater in bed-ridden older adults, with their muscle strength and power being severely decreased following bed rest (10) . Because the elderly adults lose muscle tissue more rapidly following physical inactivity than the young, we hypothesized that common intrinsic factors might be involved in muscle wasting in both aged muscle and disuse-induced muscle atrophy. There are several experimental models to induce skeletal muscle atrophy, including denervation, tail suspension, or hind limb immobilization (11) (12) (13) . Denervation causes atrophy of muscle tissue, which results from destruction of the motor nerve linked to the muscle. Tail suspension induces atrophy through musculoskeletal unloading. Hind limb immobilization, using a surgical staple, causes rapid loss of muscle mass in the immobilized limb compared to the contralateral hind limb muscle. Among these models, immobilization is the most suitable model for disuse-induced skeletal muscle atrophy, as it mimics the atrophy caused by prolonged bed lest.
With the advent of omics technologies, many investigators have examined the expression profiles of mRNA, miRNA, and proteins in skeletal muscle with age in order to identify intrinsic factors contributing to sarcopenia (14) (15) (16) . Several studies have shown that miRNAs are involved in the homeostasis of muscle stem/progenitor cells and in muscle diseases such as skeletal muscle hypertrophy (17) (18) (19) (20) . In addition, miRNAs have been shown to be differentially expressed in skeletal muscle with age (14, 15, 21) . Recently, we also reported that the miRNA-mRNA regulatory network is deregulated with age in skeletal muscle (22) and that age-associated miRNAs regulate the myogenic capability of muscle stem/progenitor cells with age (23) . MiRNAs are also present and remarkably stable in circulating plasma (24) . Alterations in their extracellular levels have been shown to occur during aging and in response to cellular damage and tissue injury in several disease states (25) , offering their potential as noninvasive biomarkers.
Although there is increasing evidence that miRNAs regulate muscle growth, regeneration, and aging, their potential role in acute muscle atrophy remains largely unexplored. In the present study, we performed a comparative analysis of miRNA expression profiles by miRNA-seq in tibialis anterior (TA) muscle and serum isolated from disuse-induced atrophy model in young mice, mimicking the acute atrophy following long-term bed rest, compared to those of young and old mice. We identified a total of 23 differentially expressed miRNAs in old TA muscle as compared to young TA muscle, whereas only one miRNA (miR-455-3p) was found to be significantly differentially expressed between young mice and the disuse atrophy model. Similarly in serum, only one miRNA (miR-129-5p) was found to be differentially expressed in the disuse atrophy model as compared to young mice, while 9 differentially expressed miRNAs were identified in old mice as compared to young mice. Interestingly, miR-455-3p and miR-129-5p were significantly decreased both in disuse-induced atrophy model and aged mice as compared to young mice. Our results indicate that while disuse atrophy model generates distinct miRNA profiles in both TA muscle and serum as compared to young or old mice, miR-455-3p and miR-129-5p may be potential biomarkers of muscle atrophy.
Methods

Mice
Young (6-month-old) and old (24-month-old) C57BL/6 mice were purchased from the Laboratory Animal Resource Center (Korea Research Institute of Bioscience and Biotechnology, KRIBB). All animal experiments were performed according to protocols approved by the Animal Care and Use Committee of KRIBB. Blood was collected from infraorbital plexus of the young and old mice (n = 5, each) and stored on ice for at least 30 minutes to induce clotting. Serum was then obtained by centrifugation. Their TA muscle tissues were collected just after blood collection. TA muscle mass was recorded and RNA was immediately isolated from TA muscle and serum for miRNA-seq analysis. For induction of disuse muscle atrophy, hind limb of young mice (6-month-old, n = 5) was immobilized by stapling the foot exploiting normal dorsotibial flexion using an autosuture (Autosuture Royal 35W skin stapler, Tyco Healthcare) as previously described (13) . At 14 days postimmobilization, both serum and TA muscle were collected as described above and TA muscle was used for miRNA sequencing.
RNA Isolation
From TA muscle tissues from young, old, and disuse atrophy model mice, total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Quality and quantity of the RNAs were assessed by A260/A280 nm reading using NanoDrop1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA integrity was determined by running an aliquot of the RNA samples on a denaturing agarose gel stained with SYBR Green I.
For serum, total RNA was purified from 300 μL of serum samples using the miRNeasy serum/plasma kit (Qiagen) according to the manufacturer's instructions (26) . One microliter was used to quantify total RNA using Qubit-iT Ribogreen RNA assay kit (Invitrogen), which correlated well with quantities reported by picogram-scale capillary electrophoresis (Agilent Bioanalyzer).
miRNA Sequencing
Two micrograms of total RNA from each tissue sample and 10 ng of total RNA from each serum sample were used for small RNA cDNA library preparation (26) . Using Illumina TruSeq Small RNA sample preparation kit, barcoded 3′-adapters and 5′-adapters were ligated to RNA in each sample. Synthesized cDNA amplified up to 15 cycles using indexes for multiplexing. Amplified DNAs were selected by the excision (145-160 bp) on 10% TBE polyacrylamide gel and purified. Eluted library was qualified using bioanalyzer and quantified using Qubit. Sequencing was performed on an Illumina Hiseq 2000 analyzer.
Data Analysis
As described previously, the sequencing data, in FASTQ format, were trimmed of adapter sequences using QUART (26) . Sequences from each of the samples were aligned to the known mouse miRNAs present in mm10 using version 20 of mirBase. Analysis of the resulting read counts was performed in EdgeR (27) . In order to control for differing library sizes, read counts were normalized by library size, giving values in reads per million (rpm), as described previously (28) . After normalization, any miRNAs with fewer than 10 rpm more than 33% of the samples were excluded. Correlations were calculated with Pearson's correlation coefficient using the function built-in to R (29) . PCA was also performed using the function built-in to R.
Multilinear Regression Analysis
Regularized multilinear regression was performed on normalized miRNA read counts using GNU Octave version 3.8.2 (29, 30) ; a λ value of 10 5 was empirically determined to provide the best fit for the data while avoiding overfitting. Separate models for serum and tissue were constructed; after the results were calculated, one of the young tissue samples was determined to be an outlier and the analysis was redone with that sample excluded. The models were trained using the fminunc function using the gradient of the cost function and a maximum of 400 iterations. For the disuse data, the models were trained with all young and old samples and then used to predict the age of the disuse samples. For each young and old sample, the models were trained with all other young and old samples and then used to predict the age for that sample. p values for the differences in predicted age for each group were calculated using the two-sample Wilcoxon test in R version 3.1.1 (29) .
Quantitative RT-PCR Analysis
Total RNA isolated from tissue and serum was converted to complementary DNA using TaqMan Reverse Transcription kit (Applied Biosystems, Foster City, CA) with microRNA specific RT primer (Applied Biosystems). A TaqMan microRNA assay was performed using AB StepOne real-time PCR system to quantify relative miRNAs expression in these samples. The 20 µL total volume final reaction mixture consisted of 1 µL of TaqMan microRNA-specific primer, 10 µL of 2× Universal Master Mix with no AmpErase UNG (Applied Biosystems) and 1.3 µL of complementary DNA. PCR was performed using the following conditions: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. U6 snRNA (Applied Biosystems) was used as an internal control for tissues. For serum, we used miR-30d-5p/miR-92a-3p/ miR-320-3p for normalization. Means from different conditions were compared using the Student's t test. A significance threshold of p less than .05 was used.
Cell Culture C2C12 cells were purchased from ATCC and cultured in growth medium consisting of DMEM (Gibco) with antibiotics and 10% fetal bovine serum. Differentiation was initiated 24-48 hours after seeding by changing to the differentiation medium containing DMEM (Gibco) and antibiotics and 5% horse serum. After 5 days postinduction of differentiation, miRNA mimics (30 nM) were transfected into differentiated C2C12 myotubes using RNAiMAX (Invitrogen) according to the manufacturer's protocols. For measurement of the diameters of differentiated myotubes, transfected C2C12 myotubes were fixed with ice cold methanol, and stained using Eosin-Y solution (Thermo Scientific, #6766007). After cells were then washed in phosphate-buffered saline buffer, the measurement of diameters of myotubes was performed using NIS-Elements BR software (Nikon). Quantitative data are presented as the means ± SEM. Differences between means were evaluated using Student's paired t test. A p value of less than .05 was considered statistically significant.
Results
Discovery of miRNAs Expressed in Muscle Tissue and Serum of Young, Old, and Disuse Atrophy Model Mice
To analyze miRNA expression profiles in TA muscle or serum of young, old, and disuse atrophy model mice, we isolated them from 6-month-old (hereafter designated "young"), 24-month-old (hereafter designated "old") mice, and 6-month-old mice with hind limbs immobilized by surgical stapling (hereafter designated "disuse"). Consistent with the previous reports (13, 22) , we found that TA muscle isolated from both old and disuse model mice showed a significant loss of muscle mass (Supplementary Figure 1) . We next generated small RNA libraries from TA muscle tissues and serum of young, old, and disuse atrophy model mice. Sequencing of these libraries by an Illumina technology platform yielded a total of 13.6 × 10 6 reads from young tissue, 35.7 × 10 6 reads from old tissue, and 22.7 × 10 6 reads from disuse tissue and 1.33 × 10 6 reads from young serum, 0.714 × 10 6 reads from old serum, and 1.17 × 10 6 reads from disuse serum (Supplementary Table S1 ). miRNAs with less than 10 reads per million in more than 33% of samples (low-abundance miRNAs) were discarded due to the error rate of Illumina sequencing and stochastic variation in gene expression (31) . For all comparisons, the number of reads for a given miRNA was normalized by the rpm method, yielding a normalized read count for each miRNA. In muscle tissue, we identified a total of 290 known miRNAs after removal of low-abundance miRNAs with a wide dynamic range of read counts, from 10 to over 100,000 reads per million ( Figure 1A ). About 6% of these miRNAs had a copy number greater than 10,000 and about 82% a copy number less than 1,000. The normalized read count for each miRNA indicated that miR-133a-3p was the most abundant miRNA detected in muscle tissue of young, old, and disuse atrophy model mice ( Figure 1B) .
In the serum samples, we identified a total of 287 known miRNAs after removal of low-abundance miRNAs with a wide dynamic range of read counts, from 10 to over 100,000 reads per million (Figure 2A ). About 7% of these miRNAs had a copy number greater than 10,000 and about 80% a copy number less than 1,000. The normalized read count for each miRNA indicated that miR-486-5p was the most abundant miRNA detected in serum of young, old, and disuse atrophy model mice ( Figure 2B ). The top 10 miRNAs by read count comprised approximately 80% of all sequence reads.
Correlation of miRNA Expression Between Aged Versus Disuse Muscle and Serum Versus Muscle
To test if miRNA expression levels are correlated between each group (young, old, and disuse) in serum and muscle tissue, we analyzed the correlation coefficient from miRNA scatter plots of each groups ( Figure 3A) . Figure 3A shows a set of scatter plots of each miRNA between different sample types (the average of each sample type was used). We found that within each sample type (ie, serum vs serum, tissue vs tissue), the correlation between different groups was high (median r = .99). By contrast, analysis between sample types (serum vs tissue) indicates a positive but much lower correlation (median r = .13). The significant difference (p = .009, Wilcoxon test) in correlation coefficients in different tissues suggests that the miRNAs induced or repressed in response to aging or disuse vary greatly depending upon the tissue in which that process occurs.
The miRNA signature of age/disuse is highly cell type-specific. Within the serum samples, miRNA signature in old mice was more correlated with in disuse atrophy model than it is with young mice ( Figure 3A) . Within the tissue, we again found that miRNA expression in old mice is more correlated with the disuse atrophy model than with young mice. These data suggest that miRNAs in disuse atrophy model may represent a state analogous to accelerated aging although this interpretation is highly speculative due to the small magnitude of the difference in correlation coefficients ( Figure 3A: .9996 vs .9983 in tissue and .9759 vs .9681 in serum).
Predicted Age of Young, Old, and Disuse Muscle and Serum
To predict the extent by which the disuse mimics aging, we predicted the biological age of the disuse mice using a multilinear regression model trained on the data from the young and old mice (Figure 3B-D) . Separate models for serum and tissue were constructed. In order to gauge the extent to which disuse mimicked aging, we predicted the biological ages of the disuse samples after training the models using the data from the young and old samples. To validate our predictions, we separately predicted the age of each young and old sample after training the models using the data from all other young and old samples ( Figure 3B,C) . We found that the predicted age of muscle in disuse average around 16 months, which substantially departs from their chronological age (6 months) and closely approaches to the chronological age of the old mice (24 months; Figure 3B ). These data suggested that the muscle tissue of disuse model might mimic the miRNA signature of aging. In the serum samples, the predicted age of disuse mice was 5.7 months, almost exactly the same as their chronological age of 6 months, suggesting that serum in the disuse model did not mimic aging of old mice. The difference in predicted biological age between the disuse muscle samples and disuse serum samples was statistically significant (p = .008, Figure 3D ). Figure 4A ) and for serum ( Figure 4B ). In muscle tissue, we identified a total of 23 differentially expressed miRNAs between young and old mice. Of the 23 differentially expressed miRNAs, 17 miRNAs were significantly decreased and 6 miRNAs were significantly increased in muscle tissues of old mice as compared to young mice ( Figure 4A and Table 1 ). We found one miRNA differentially expressed between young and disuse, miR-455-3p, which was significantly decreased in disuse ( Figure 4A and Table 3 ). Interestingly, miR-455-3p was downregulated in muscle tissue of both of old mice and the disuse atrophy model as compared to young mice ( Figure 4A) .
MiRNAs Differentially Expressed Between
In serum samples, we identified a total of 9 differentially expressed miRNAs between young and old mice, among which 7 miRNAs were significantly decreased and 2 miRNAs were significantly increased in old mice as compared to young mice ( Figure 4B and Table 4 ). Only one miRNA (miR-129-5p) was found to be differentially expressed with significantly decreased expression in disuse as compared to young mice ( Figure 4B and Table 5 ). This miRNA, miR-129-5p, was downregulated both in old and disuse as compared to young mice. We identified 2 miRNAs (miR-146a-5p and miR-192-5p) differentially expressed between old and disuse and these miRNAs were overlapped with miRNAs differentially expressed between young and old mice ( Figure 4B and Table 6 ).
These data suggested that while the disuse model has a distinct miRNA expression profile as compared to young or aged mice, the directional changes in expression levels of some miRNAs, including miR-455-3p and miR-129-5p, are similar between old and disuse atrophy model as compared to young mice. Furthermore, our study indicates that while muscle and serum have distinct age-related changes in miRNA expression, some miRNAs showed the same directionality in expression changes. In particular, miR-127-3p and miR-434-3p were significantly decreased with aging both in muscle and serum, both of which have been reported to be downregulated in aged skeletal muscle tissue (22) . We used Taqman real-time reverse transcription-PCR (qRT-PCR) qRT-PCR and validated these miRNAs. qRT-PCR results for miR-455-3p, miR-127-3p, and miR-434-3p in muscle tissue samples were consistent with the miRNA-seq results ( Figure 4A ). In serum samples, miR-434-3p and miR-146a-5p were validated and showed the consistent results with miRNA-seq ( Figure 4B ). However, miR-129-5p was not detectable in qRT-PCR due to its low abundance. miR-127-3p and miR-192-5p showed the decreased expression pattern in old but not significant. These data suggest that sequencing is a gold standard to identify differentially expressed miRNAs (31) .
The Role of miR-455-3p in Skeletal Muscle Cells miR-455 has been reported to be highly expressed in muscle and decreased in aerobically adapted human muscle biopsies in contrast to controls (32) . miR-455 has also been implicated in differentiation of brown adipocytes derived from a common progenitor, mesenchymal stem cells, of muscle cells (32) . Thus, miR-455 might have a crucial role not only in muscle but also in metabolic homeostasis in the elderly adults. To investigate the biological function of miR-455-3p, which we found to be downregulated in muscle tissues of disuse and old mice, we transfected fully differentiated C2C12 myoblasts with miR-455-3p mimic. As shown in Figure 5 , eosin stains showed that miR-455-3p transfected C2C12 myotubes had significantly larger diameters, comparing to control myotubes, showing that miR-455-3p induced hypertrophic myotube formation. Indeed, we found that some of the predicted target genes of miR-455-3p including Pairedlike homeodomain transcription factor 1 (PITX1) and retinoid X receptor-β (RXRB) are involved in muscle dystrophy and aging, respectively (Supplementary Table S8 ). Another predicted target gene, RXRB also has been known to be increased in the aged skeletal muscle (33) . Future investigation on the targets of miR-455-3p may provide important insight into its role in age-related muscle atrophy.
Discussion
Several studies have reported the alternation of miRNA expression during muscle aging (21, 22) but no comparative study has been conducted between disuse-induced muscle atrophy and muscle aging. To our knowledge, this is the first study to comprehensively and comparatively profile miRNA expression both in muscle and serum of disuse atrophy model as compared to those of young and old mice. We identified 23 (muscle) and 9 (serum) miRNAs differentially expressed in old mice as compared to young mice ( Figure 4A,B) . Interestingly, we found only one miRNA each in muscle (miR-455-3p) and serum (miR-129-5p), differentially expressed in disuse atrophy model as compared to young mice. These were downregulated not only in disuse mice but also in old mice as compared to young mice ( Figure 4A,B) . These data indicate that these miRNAs can be common factors in muscle and serum respectively indicating muscle aging. When we analyzed differentially expressed miRNAs in muscle between old mice and disuse atrophy mice model, we identified 15 miRNAs (Table 3) . Among them, eight miRNAs were differentially expressed between young and old mice ( Figure 4A ) and seven miRNAs were found to be differentially expressed only between old mice and disuse atrophy model ( Figure 4A ) suggesting that muscle tissue in disuse atrophy model induces unique miRNA signatures compared to aged muscle. This may provide important information in the study of muscle aging using disuse atrophy model. In serum, we found all differentially expressed miRNAs (miR-146a-5p and miR-192-5p) between old mice and disuse atrophy model were also differentially expressed between young and old mice ( Figure 4B ) indicating that miRNA signatures in serum in disuse atrophy model may be more related with that in young mice. These two miRNAs have been reported to be increased in serum of aged mice and reversed in the expression level after calorie restriction (34). Of the differentially expressed miRNAs, several are particularly interesting. We found that miR-455-3p was downregulated in muscle tissues of aged mice and disuse atrophy model mice as compared to young mice ( Figure 4A ). Interestingly, we found that miR-455-3p can induce a skeletal muscle hypertrophic phenotype in differentiated C2C12 cells ( Figure 5 ). We also analyzed the predicted targets of miR-455-3p using Targetscan and DAVID functional annotation bioinformatics and found that some genes including Paired-like homeodomain transcription factor 1 (PITX1) and retinoid X receptor-β (RXRB) have known to be involved in muscle dystrophy and aging, respectively (Supplementary Table  S8 ). PITX1 has been reported to be upregulated in patients with facioscapulohumeral muscular dystrophy and muscle-specific Pitx1 transgenic mouse model showed significant loss of body weight, muscle mass, and reduction of muscle fiber diameters (35) . Another predicted target gene, RXRB also has been known to be increased in the aged skeletal muscle (33) . These data will promote further studies for underlying mechanism in miR-455-3p-dependent myotube hypertrophy.
In our study, the expression of miR-127-3p and miR-434-3p was downregulated during aging in muscle tissues and interestingly in serum as well (Figure 4 ). These data are consistent with our previous study demonstrating that miR-127-3p and miR-434-3p are downregulated in skeletal muscle of aged mice (22) . The correlation of miRNA expression between muscle tissue and serum indicates that the expression of some miRNAs changes with age in both muscle and serum, suggesting their potential contribution to the agingrelated phenotypes such as muscle dysfunction (36) . Whereas the global pattern of correlation coefficients showed distinct age-related miRNA signatures between muscle and serum ( Figure 3A) , these two miRNAs might be explored as universal biomarkers of muscle aging. McCarthy and colleagues profiled soleus muscle miRNAs differentially expressed between normal and hind limb-suspended rats, which had their limbs suspended for 2 or 7 days (37) but none of the miRNAs they found to be differentially expressed were identified as having significant expression changes in our study. This lack of overlap may be due to the different species of model organism used, or short-term (2 or 7 days, rat) versus long-term (14 days, mice) immobilization of muscle.
One of the major questions of our study was whether disuseinduced muscle atrophy phenocopies aging-related muscle dysfunction in terms of the miRNA profiles. From the coefficient correlation data ( Figure 3A) , we found that disuse-induced atrophy tends to be an intermediate state in muscle and serum between young and aged mice but there was a low correlation between miRNA expression in aged mice and disuse atrophy model mice. This is in line with the recent studies in model organisms that have indicated that sarcopenia, a major age-related phenotype, fundamentally differs from the rapid atrophy of muscles observed following disuse and fasting (38) . In mice, the maximum isometric force (an indicator of muscle strength) has been reported to be decreased to a greater extent than muscle mass during aging, suggesting that muscle function is a more important health parameter than muscle mass (39) . Similarly, the decrease in maximal strength in aging humans has been reported to be three times greater than the decline in muscle mass, suggesting that muscle mass and strength are independently regulated during aging (3). Moreover, muscle strength has been reported to be a better predictor of mortality during aging (40) . Thus, the change in miRNA expression associated with the age-related loss of muscle function in aged mice could be derived from different mechanisms than the changes associated with the disuse-induced atrophy model, as reflected by their distinct miRNA signatures. Nevertheless, the common miRNA (miR-434-3p) that we showed to decrease with age both in muscle and serum provide an opportunity to develop potential biomarkers of age-related muscle atrophy and to elucidate the molecular mechanisms underlying muscle dysfunction with age. Also, we found the predicted biological age of muscle after disuseinduced atrophy was closer to that of old mice than that of young mice ( Figure 3B -D) although predicted biological age of serum in disuse showed almost same age with young mice, suggesting the serum may not be a good surrogate for muscle with the alteration of circulating miRNAs during aging or disuse-induced atrophy. Nevertheless, there is no doubt that the use of animal models with disuse-induced muscle atrophy, mimicking the atrophy following long term bed rest which is more likely to occur in the elderly adults, will provide a part of important evidence to understand the mechanism of muscle aging.
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